In this paper, we consider the design of 2D (two-dimensional) H R (finite impulse response) multirate filter banks. For a given 2D FIR analysis filter bank, we design a 2D FIR synthesis filter bank to minimize the reconstruction error of the filter banks such that the worst case energy gain between the input and the reconstruction error is below a prescribed bound. Our solution is formulated in terms of a set of linear matrix inequalities (LMIs) which can be directly computed by Matlab.
INTRODUCTION
Multirate filter banks are essential devices for signal and image processing and have many applications, such as digital audiolspeech coding, progressive image coding, spectrum analysis and system identification. The basic functions of a multirate filter bank system are to use an analysis filter bank to divide the time-domain signal into complementary frequency subbands, to subsample, encode and process the subband signals, and to use a synthesis filter bank 10 recover the transmitted source signal.
Because properties of 2D filters are more complicated and can be considerably different from those of one-dimensional (ID) filters, methods for the design of ID multirate filter banks cannot be directly extended to 2D multirate filler banks. Although some techniques have been proposed to design 2D subband analysis filters and synthesis filters to remove signal distoltions and obtain the perfect reconstruction, e.g. [1]-[5], there has been few methods for the design of two-dimensional multirate filter banks using a systematic optimization approach.
approach is developed for the design of 2D FIR synthesis filter banks. The optimization is in the sense that the worst case energy.gain between the input and the reconstruction error is below some pre-specified level. This approach is formulated in the state space and the optimization problem is solved in terms of a set of LMIs which can be computed by Matlab.
Section 2 introduces 2D multirate filter banks and formulates the problem studied in this paper. Section 3 presents the LMI solution for the H synthesis filter bank design. A numerical example is given in Section 4.
In this paper, an H
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Problem statement
We assume that the analysis filter bank has already been designed is FIR for achieving desirable subband signals for coding, transmitting and recording purposes. Then our objective is to design a synthesis filter bank to achieve desirable reconstruction of, the input signal. For a given 2D shift d = [ d dl 1, define the reconsmction error as
, z , = 1
H DESIGN OF THE 2D MULTIRATE FILTER BANK SYSTEM
3.1. Polyphase formulation of L e design problem
In this paper, we constrain our attention to rectangular upsampling and downsampling, i.e. the decimation matrix M is a diagonal matrix. The multirate filter bank system in Figure 1 can be transformed into the polyphase framework as shown in Figure 2 . It has the following expressions.
[
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[ 2 ( -m ) ... Z ( -m ) 1 , a simplified system can be given in Figure 4 and the H tion problem in (4) can be formulated as Then the optimal problem is to design parameter C R , , CR, and DR lo obtain the optimal H, performace of system (IO).
LMI approach to the H , design
The bounded real lemma for the 2D system (9) has k e n given in b m of LMls in@]. Based on this lemma, we can obtain a sufficient condition far the existence of a synthesis filtcr bank such that the H , norm of the 2D system (IO) is below B prescribed value 7. 
Inthiscase,theH normoftheerrorsystem(lO)isbelow0.2516. The magnitude distortion of the error system is given in Figure 5 and aliasing distortion is given in Figure 6 . The performance of this designed system is also tested by an image input shown in Figure 7 , and the reconstructed signal is shown in Figure 8 . The SNR(signal to noise ratio) of thereconstructed image is 14.4010dB and PSNR(peak signal to noise ratio) is 20.0622dB.
For simplicity, this example considers very low order synthesis filters. 'This limits the signal reconstruction pcrformance as observed from the magnitude distortion error shown in Figure 5 , the SNRPSNR and the comparison between the input and reconstructed images in Figures 7 and 8 , respectively. The reconstruction error can be greatly reducedlif higher order synthesis filters are adopted. 
CONCLUSION
An LMI approach has been developed for the design of 2D FIR multirate filter bank systems such that the H norm of the error system is below a prescribed value. Given the analysis filter bank, a synthesis filter bank is obtained from the solutions of a set of LMls. The result obtained is an initial study on systematic optimal design of 2D multirate filter hanks. Further study is being carried out for the following problems. The first is the optimal multi-objective design of 2D multirate filter banks with all distortions including magnitude distortion, phase distortion and aliasing distortion being minimized. Another problem deserving further study is the optimal design of 2D multirate filter hanks subject to quantization error and channel noise disturbance. And further work can also be done on 2D multirate system with more general non-rectangular multirate sampling schemes.
